This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2020.2997709, IEEE Internet of

Things Journal

JOURNAL OF KTEX CLASS FILES, VOL. XX, NO. XX, XX 20XX

Dynamic Magnetic Induction Wireless
Communications for Autonomous Underwater
Vehicle Assisted Underwater IoT

Debing Wei, Student Member, IEEE, Li Yan, Student Member, IEEE, Chenpei Huang, Student Member, IEEE,
Jie Wang, Senior Member, IEEE, Jiefu Chen, Member, IEEE, Miao Pan, Senior Member, IEEE, and
Yuguang Fang, Fellow, IEEE

Abstract—Leveraging the mobility of autonomous underwater
vehicles (AUVs) to collect and deliver data among different un-
derwater devices enables numerous underwater internet of things
(UW-I0T) applications. However, the most versatile underwater
acoustic communications may not be suitable in the AUV assisted
UW-IoT scenarios, considering the high cost and high power
consumption of acoustic transducers, as well as high error rates
of underwater acoustic communications due to the complex un-
derwater acoustic channel conditions. Alternatively, we propose
to apply the low-power magnetic induction (MI) based wireless
communications for AUV data dissemination and collection. Due
to the mobility of AUVs and the underwater turbulence, MI
channels between AUVs and other underwater devices are no
longer stable and static, which poses great challenges to establish
reliable MI links. To tackle this problem, we investigate the
dynamic MI wireless communications in this paper. We first
mathematically characterize the dynamic MI channel when an
AUV approaches its target for data collection. Based on this
dynamic channel model, the dynamic communication range and
available bandwidth of MI are derived. We also build an MI
wireless communication system which can work within a dynamic
range. The communication performances are evaluated through
numerical simulations as well as underwater experiments.

Index Terms—Underwater wireless communication, magnetic
induction (MI), autonomous underwater vehicular (AUV), chan-
nel modeling.

I. INTRODUCTION

UTONOMOUS underwater vehicle (AUV)-aided under-
water wireless sensor networks play an important role
in the applications of underwater internet of things (UW-
IoT). The interaction between AUVs and different types of
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underwater sensors can enable numerous applications such as
oceanographic data collection [1], underwater infrastructure
health monitoring, e.g., pipeline leakage detection [2], and
underwater exploration, e.g., the discovery of the Titanic in
1985 [3], and so on.

By far, underwater acoustic communication (UAC) is the
most versatile wireless communication technology in the aque-
ous world, mainly because acoustic signals can propagate a
long distance (up to kilometers) in water. Nevertheless, the
propagation of underwater acoustic signals also suffers from
low propagation speed (around 1500 m/s) and severe multi-
path fading, resulting in a band-limited acoustic channel with
high channel error rates and high propagation delay. Although
many research works have been conducted to deal with the
complicated underwater acoustic channels and enhance un-
derwater network performance [4], [5] in the past decade,
the practical acoustic data rate remains under several kbps.
Moreover, the transmission power for acoustic communica-
tions is typically on the order of tens of watts [6]. All these
drawbacks such as low data rate and high power consumption
make underwater acoustic communications not suitable for
data transmissions for AUV-assisted UW-IoT scenarios.

Magnetic induction (MI) based wireless communication is
considered to be a promising alternative for RF-challenging
environments such as underground and underwater [7]. MI
communications only rely on the near field component of
magnetic fields to transfer information. Since the permeability
of most mediums, including seawater, is almost identical,
MI channel conditions are much more stable in comparison
to RF or acoustic channels. Furthermore, MI transceivers
operate under resonant conditions and most of the energy
is resonating between the coil inductance and the resonant
capacitor. As a result, high power efficiency can be achieved
for MI communications. When we also consider the difficulty
and potential cost of recharging a battery underwater, adopting
the low-power MI wireless communication technology would
be of great significance for the applications of UW-IoT.

Beyond the high power efficiency, adopting MI can also
benefit us with spectrum reuse and secure data transmissions.
Specifically, the magnetic field of a magnetic dipole exhibits
a T% dependence on distance r in the near field zone. As a
result, the power of MI signals can easily attenuate below
the ambient noise floor within a short range (typically several
meters). Beyond this range, MI signals would not be detectable
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and also would not cause interference. To sum up, establishing
a communication link within a quasi-static magnetic field has
many advantages. It is power efficient and does not suffer
from interference, multi-path, frequency reuse deficiency, and
security concerns, which make MI a great alternative to
establish wireless communication links between AUVs and
underwater sensors in UW-IoT.

Static MI channels have been studied in recent years, espe-
cially in harsh environments where traditional radio frequency
signals cannot work well, e.g., underwater and underground.
Zhi et al. investigated the underground MI channel in [8].
Debing et al. studied the underwater MI channel in [9].
To solve the antenna orientation issues, a tri-directional coil
antenna design was proposed and the related underwater MI
channel was analyzed in [10]. A geometry-conformal coil
antenna that can be directly wrapped on the surface of an
AUV without destroying the fluid dynamics was proposed
in [11]. All of these previous works related to MI channel
modeling assumed that the MI channel between two coil
antennas is static. In other words, they did not consider the
coupling variation between the transmitter and receiver coils,
which may severely affect the MI channel characteristics,
e.g., signal to noise ratio (SNR) and available bandwidth.
However, when an AUV is collecting data from sensors,
it cannot guarantee a fixed distance to each sensor due to
complex underwater environments. Therefore, the MI channel
in such scenario is no longer static. To tackle this problem,
we investigate dynamic MI wireless communications in this
paper. Specifically, we analyze the variation of MI channels
when an AUV approaches a target sensor. Under this situation,
the magnetic fields between the transmitting and receiving coil
antennas will experience from far fields toward near fields and
from loosely-coupled regions toward strongly-coupled regions.
Due to the fast attenuation of magnetic fields, this will have
strong impacts on the MI channel. A severe fluctuation will
be introduced to the received MI signals, which will influence
the received SNR. Moreover, the resonant frequency of the
overall MI system will be altered, thus affecting the available
MI bandwidth.

In this paper, we conduct a holistic study on dynamic
MI wireless communications between AUVs and underwater
sensors in the UW-IoT. We first present a mathematical model
of the dynamic MI channel. Then a proper MI wireless com-
munication system is proposed to guarantee communication
performance when an AUV is approaching its target sensor.
The system performances are evaluated through numerical
simulations and experiments. Our salient contributions are
summarized as follows.

o We investigate the boundary of the underwater near-field
region and far-field region, and analyze the relationship
between the coupling coefficient and relative distance
between two underwater coil antennas.

o We analyze the MI channel variation when two coil an-
tennas move closer from loosely-coupled regions towards
strongly-coupled regions. The corresponding dynamic
MI bandwidth is derived as a function of the coupling
coefficient between two MI coil antennas.

o We propose a free-load MI receiver design to maximize

the receiver sensitivity. We also thoroughly analyze the
frequency responses of two different MI channels with
either parallel-resonant or series-resonant MI transmitter.
We discover that the series-resonant one is more suitable
for dynamic MI communications.

o Based on our dynamic MI channel models, we design
an MI wireless communication system for AUV-aided
underwater wireless sensor networks. The system perfor-
mance is evaluated through Matlab/Simulink as well as
underwater MI communication experiments.

The rest of this paper is organized as follows. In Section II,
the related studies are presented. Section III investigates the
propagation of magnetic fields in underwater environments.
Section IV details the dynamic MI channel model. Then,
the proposed MI wireless communication system is evaluated
through numerical simulations as well as experiments in
Section V. We conclude the paper in section VI.

II. RELATED WORK

MI wireless communication was first recognized by its
security feature in [12] in 2004. It has been pointed out that the
magnetic field of a magnetic dipole exhibits a T% dependence
on distance r in the near zone. Such a strong attenuation can
be utilized to create a private personal communication bubble
area and permit frequency reuse. Since then, MI wireless
communications have found their applications in wireless body
area networks (WBANS) and the Internet of Things (IoT) [13].

André et al. use two self-resonant coils to light up a 60W
light-bulb wirelessly over distances in excess of 2 meters in
2007 [14]. This work not only motivates research works on
magnetic resonant wireless power transfer (WPT) but also
inspires people to apply MI technique for wireless commu-
nications, especially in harsh environments, i.e., underwater
and underground, where the traditional RF-based wireless
communications are not applicable. Theoretical MI channel
models have been thoroughly studied based on its equivalent
circuit model when the MI signal propagates in the air [15],
underground [8] and underwater [10], [16], [17]. To summarize
these works, the coupling between two coils can be equivalent
to a transformer. When a voltage source is applied on the
transmitter coil, the induced voltage on the receiver coil
can be easily obtained by solving the equivalent transformer
circuit. However, all of the aforementioned works assume that
the transmitter and receiver coils are loosely coupled, which
means the operational resonant frequency is the same as the
self-resonant frequency of the transmitter and receiver coils.

In strongly-coupled region, where the transmitting and re-
ceiving coils are close enough, the system resonant frequency
will be affected by the interaction between two coils. This
phenomenon is regarded as frequency splitting [18]. Kisong
et al. proposed a frequency-tracking scheme to compensate
for frequency splitting and optimize the MI channel capacity
in strongly-coupled regions [15]. However, alternating the
operating frequency will complicate the overall system design.
Hong et al. utilized frequency splitting phenomena to realize
multi-channel MI wireless communication in a extremely close
distance (a few centimeters) [19].
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The transmission range of an MI wireless communication
system with only one transmission and one receiving coil
is typically within several meters, which is determined by
the coil parameters such as coil size and coil quality factor.
Fortunately, the MI transmission range can be extended by
employing multiple relay coils between the transmitter and
the receiver. These relay coils form a waveguide structure
[20]. When the magnetic fields propagate through each relay
coil, the field strength is enhanced. Therefore, the transmission
range can be significantly enlarged by the waveguide method.
However, the more relay coils employed, the more complicated
the system would be. The theoretical analysis of MI waveg-
uide based wireless sensor networks can be found in [16],
[21], [22]. Nevertheless, the practical network performances
require further verification. Another practical issue related
to underwater MI wavegide is that it is hard to maintain a
static position of a relay coil and may require intense labor
work to deploy them in the underwater environments. In this
paper, we leverage the mobility of AUV to realize short range
underwater MI wireless communications. According to [23],
the sub-meter localization accuracy can be achieved in the
underwater environments. Recap that the transmission range
of underwater MI wireless communication can be larger than
1 meter. Since the transmission range is no longer an issue,
we do not need to apply the MI waveguide method and the
overall system design can be simplified.

Field tests for underwater MI wireless communications
especially in subsea environments are difficult considering the
waterproofing issues and alignment issues between two loop
antennas. Fortunately, we still can find some experiment results
in the literature. Eugenio et al. measured the attenuation of
EM waves generated by loop antennas at different frequencies
(10kHz to 1MHz) and distances (2m to 6m) subsea [24].
Wang et al. demonstrated a 4-kBaud QPSK MI link in a
circular seawater pool with operational frequency at 22.5kHz
and transmission distance at 0.75m [25]. Niaz et al. proposed
an MI transceiver design based on On-Off Keying(OOK) with
data rate at 512 bps, which achieved a data transmission over
34m both in air and underwater (freshwater) [26].

Almost all of existing researches related to MI wireless
communications are based on static MI channels with two
fixed loop antennas without relative position variation. How-
ever, this might not be suitable for AUV applications in UW-
IoT. This paper investigates dynamic MI wireless communi-
cations when two loop antennas are getting closer gradually,
which will be the case when an AUV approaches its target
underwater devices for data collection.

III. PROPAGATION OF UNDERWATER MAGNETIC FIELDS
A. Field Regions Division

Depending on the field structure surrounding a coil antenna,
the electromagnetic field is usually divided into three parts,
reactive near field, radiating near-field, and far-field [27].
The boundaries between different regions are neither clear
nor unique. In this section, we will present an approximate
separation method for a coil antenna from the perspective of
field properties such as energy radiation.

A coil antenna and its coordinates are illustrated in Fig. 1.
Starting with Maxwell’s equations, the general expressions of
electromagnetic fields generated by the coil with radius R; at
distance r can be written as
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where 8 = w,/Ji€, is the wavenumber, w = 27 f is the angular

m
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is the intrinsic impedance, €. = €€, — J % is the medium
permittivity, o is the conductivity of environment, and Iy is
the magnitude of the current on the coil antenna.

For reactive near-field region where Sr < 1, only the last
term in Eq. (1) is kept as dominant field. Hence, the field can
be simplified as
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The real ower from near field is P, =
% (Re[ﬁ X ﬁ*] = 0, where H* is the complex conjugate

of the magnetic field. Therefore, the near field is regarded as
quasi-stationary.

In the same manner, the far field with condition Sr > 1
can be expressed as
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Fig. 1. Coil antenna and its coordinates
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Hence, the real power from the far field is P,, =
% (Re[E" x H *}P # 0. The electric field is perpendicular to
the magnetic field and the power is radiating into the space in
the form of transverse electromagnetic (TEM) wave.

Here we summarize the boundaries defined by the method
mentioned above for free space and underwater environments,
as shown in Table I, using parameters in Table II.

TABLE I
BOUNDARY DIVISION

Region Condition | Free Space (m) | Underwater (m)
Reactive near-field Br <1 r L 477.5 r < 0.8
Far-field Br>1 r > 477.5 r > 0.8

B. Underwater Propagation Characteristics

From the analysis in subsection III-A, we have the expres-
sion for the wavenumber

e
B =wy/pleoer —j—). “)
w
The wavenumber consists of real and imaginary compo-
nents, 3 =Y — jX, where X is the attenuation constant and
Y is the propagation constant [28]. From Eq. (4), we have

- -

X = | HECr 1+( 7 ) ~1],  Ga
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Y = | B 1+< > 1 (5b)
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Therefore, the propagation term in Eq. (1), (2) and (3)
can be expanded as e 7" = e X7e=7Y" which indicates
the attenuation of electromagnetic field along transmission
distance. In the free space, the medium conductivity is ¢ = 0
S/m, so the attenuation term is X = 0, which means there
is no attenuation due to the medium. By contrast, the field
suffers severe attenuation in underwater scenario due to the
large conductivity of seawater.

C. Coupling Coefficient Between Two Coils

Given two coils with one transmitter and one receiver, when
moving the receiver gradually away from the transmitter, the
coupling between two coils decreases with the distance since
less magnetic flux is linked with the receiver. The coupling
coefficient k is used to quantify the magnetic flux associated
with the receiver. Therefore, we use coupling coefficient to
model the mobility in the analysis of dynamic MI wireless
communications in this paper.

M

[ 6
o ©6)

where M represents the mutual inductance between two coils,
L, and L- stand for self-inductance. The expressions for M
and L, Ly are given below [29].

- NQd) o 27TN1N2RtE¢

M 7
IO —jwlo ’ ( a)
8R
L = popr N1 N2 R, (m Tt — 2) , (7b)

where R, is the coil radius, Iy is the excitation current, gy is
the electric field expressed in Eq. (1), N; denotes the number
of turns for the transmitter, N5 is the number of turns for the
receiver, and r,, is the wire thickness.

Substituting Eq. (7) into Eq. (6), the coupling coefficient
can be readily derived.

For a homogeneous environment, the coupling coefficient
k has analytic solution; for complex scenarios, we can use
COMSOL to simulate the situation and extract the relation
between coupling coefficient and distance.

Fig. 2 shows how the coupling coefficient changes with the
distance between two coils for both free space and underwater
scenarios with parameters in Table II. We observe that the
simulation results match well with analytic results; besides,
the coupling magnitude decreases rapidly for the underwater
environment compared to the free space scenario, because
of the quick attenuation of the magnetic field underwater.
It is self-evident that the coupling coefficient decreases with
the transmission distance. Therefore, a dynamic analysis is
necessary to comprehensively simulate the process when an
AUV approaches another AUV or sensor on the seabed.

IV. DYNAMIC MI CHANNEL ANALYSIS AND SYSTEM
DESIGN

The characteristics of MI channels are highly related to the
MI transmitter and receiver circuit design. For example, the
frequency response of a parallel resonant circuit is much more
different from a series resonant circuit. When we consider
the dynamic MI wireless communications, the variation of
the coupling coefficient caused by the movement of an MI

+-— Analytic
Analytic Underwater
SOL Underwats

Coupling coefficient

0 05 1 15 2 25 3
Transmission distance [m]

Fig. 2. The relationship between coupling coefficient and the transmission
distance for homogeneous environment both in free space and underwater

2327-4662 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Houston. Downloaded on August 01,2020 at 21:01:11 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/JI0T.2020.2997709, IEEE Internet of

Things Journal

JOURNAL OF KTEX CLASS FILES, VOL. XX, NO. XX, XX 20XX

TABLE II
ANALYSIS PARAMETERS

Parameter ~ Value Description

Iy 1A Excitation current

N 25 Number of turns

R 0.1m Radius of coil

Tw 0.057 m Wire thickness

kp 0.5 Proximity effect

o 1.5¢7 Conductivity of coil

Ly 1 Relative permeability
€r 1(air), 81(water)  Relative permittivity

f 100 kHz Frequency

transmitter or receiver will have strong impacts on the received
signal strength and the available bandwidth. In this section, we
will investigate the dynamic frequency response of different
MI wireless communication systems under different coupling
conditions. The purpose is to find out which MI transceiver
design is more suitable for AUV applications in UW-IoT.

A. Receiver Design: Free-Load vs Matching-Load

The loop antenna working under resonant conditions can be
equivalent to an RLC branch, where RLC stands for resistor,
inductor, and capacitor, respectively. In the MI channel model
from most of the existing works [8], [16], [17], [30], a load
impedance is introduced on the receiver side as shown in Fig.
3(a), where v; is the induced voltage on the receiving coil, Z,
is the total intrinsic impedance of the receiving coil together
with a resonant capacitor, and 7, ¢/ is the reflected impedance
from the transmitting coil. To maximize the received power
consumed by Z7, the load impedance is designed to be equal
to the complex conjugate of the overall output impedance
on the receiving side, i.e., Z; = (Z[efl + Z,)*. However,
technically speaking, the maximum power consumption on the
receiver side may not be equivalent to the strongest received
MI signals. On the contrary, such a setup may degrade the
signal strength.

The key idea behind the "Matching-load” model is to opti-
mize the active power consumed by the load resistance such
that the traditional path-loss model can be applied. However,
for a RLC resonant circuit with high quality factor, most of the
energy is resonating between the inductor and the capacitor.
This type of the power is the reactive power since it is not
actually consumed. Very small amount of power is consumed
by the resistor which is the active power. The traditional path-
loss model is based on the active power. Therefore, it may not
be good enough to characterize the MI channel, since most the
power would be the reactive power in a RLC resonant circuit.

In order to find out the best configuration of an MI receiver,
let us first take a look at a typical MI front-end design on
the receiver side, which is shown in Fig. 4. Three voltage
signals, including resistor voltage vg, inductor voltage v, and
capacitor voltage vo from the coil antenna can be selected as
the input signal to the MI front-end. Obviously, we want to
pick the one with the maximum amplitude as our input signal.

When an RLC circuit working under resonant conditions,
we have the following amplitude relationship.

lve| = vr| = Q lvr| = Q |vil ®)

(b) Free-load receiver

(a) Matching-load receiver

Fig. 3. MI receiver design

Digital Radio A/D Filter LNA Coil Antenna

7%47;; CL

Fig. 4. MI front-end receiver block diagram

.,

where @ = “—RL is the quality factor of the MI receiver and w
is the angular frequency. Eq. (8) indicates that the capacitor
voltage or the inductance voltage is () times stronger than the
induced voltage. Hence both of them can be selected as the
MI input signal. Considering the inductor and the resistor are
coupled together as a coil, the capacitor voltage would be the
best choice from the circuit design point of view.

Eq. (8) also suggests that the MI receiver sensitivity is
determined by the receiver quality factor (). Introducing resis-
tors into MI receiver circuit will decrease the quality factor
@ and consequently degrade the MI system performance.
Therefore, we propose a “Free-load” MI receiver design as
shown in Fig. 3(b). To be specific, we do not introduce any
loads into the receiver circuit, and directly sample the resonant
capacitor voltage as MI received signals. Eliminating loads
will also benefit us with a high power-efficient MI wireless
communication system.

B. Transmitter Design: Parallel-Resonant vs Series-Resonant

It is well known that there are two basic ways to form
a resonant circuit, namely, the parallel-resonant circuit and
series-resonant circuit. These two resonant circuits have dif-
ferent sensitivity to the frequency-splitting phenomenon. In
this subsection, we attempt to find out which resonant-circuit
is more suitable for realizing an MI transmitter that is suitable
for AUV applications.

1) Parallel-Resonant Circuit: The parallel-resonant circuit
is shown in Fig. 5(a), where L, Lo are self inductance,
Ry, Ry are self resistance, C,Cy are matched capacitance
of the transmitter and receiver coil antenna, respectively. The

i i i1 iz
L L G L L
f\) prm— . . prm— . * =
C (1] Cy M C M C
R1 R; U Ry R,

(a) with parallel-resonant transmit- (b) with series-resonant transmitter
ter

Fig. 5. Two types of MI resonant systems
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excitation voltage source U is in parallel with the transmitter
coil and matched capacitor. Based on the Kirchhoff s Voltage
Law (KVL), we can obtain the following formula.

L . M R 1 U

= 4 )= —. 9

S VR P VI Ve Al PR

The resonant frequency can be obtained by setting the

imaginary part of Eq. (9) to zero as follows.
Ly M 1
— — — MOy = —.

Gr )M =5

Therefore, due to the mutual coupling between the transmit-

ter and receiver coils, the resonant frequency will be affected
by the coupling coefficient k as follows.

(10)

w2
CTVitR
where wy = 7= is the self-resonant frequency of the
receiving coil. Fig. 6 reveals the resonant frequency deviation
under different coupling coefficients between the transmitter
and the receiver.

2) Series-Resonant Circuit: The series-resonant circuit is
shown in Fig. 5(b), where the excitation voltage source U
is in series with matched capacitor C; and transmitter coil
L1, Ry. The resonant analysis of series-resonant circuit can
be found in [31]. To summarize, if we consider the lossless
situation, the resonant frequency can by calculated by solving
the eigenvalue of the following matrix.

MG [n] 1 [n
LyCo| || w2 |I2]’

W2

VIEE

where wy = -~ = 77 is the self-resonant frequency of
the receiving and transmitting coils. The resonant frequency
deviation of a series-resonant circuit under different coupling
coefficients is also plotted in Fig. 6. It needs to be pointed out

(1)

[Llcl (12)

MC,

which yields
13)

x 10°

1.5 T

- © - parallel-resonarit

31
& 1.35 e
g W
2 13
©
= 1 ‘.I"
‘E 4 x
g ok
8 1.2 4
[
& 445 - 0%°
1.1 L )ooeouaooa
1.U3 %‘M s )y W
1
1] 0.1 0.2 0.3 0.4 0.5

Coupling coefficient between transmitter and receiver

Fig. 6. Mobility impacts to the resonant frequency of the parallel and series
resonant MI system as shown in Fig. 5 with L1 = Lo = 400pH, and
C1 =Cy =6nF

that we only plot the larger one w =
the parallel-resonant circuit.

Fig. 6 clearly shows that the resonant frequency deviation
is much smaller for parallel-resonant circuit in comparison
with series-resonant circuit. For instance, when k£ < 0.1, the
resonant-frequency deviation is within 1 percent of the self-
resonant frequency for parallel-resonant circuit. But for series-
resonant circuit, the frequency deviation can be up to 5 percent.

When the coupling coefficient k is getting larger, which
means the distance between the transmitting and receiving
coil antenna is getting closer, the induced voltage v; on
the receiver side will increase dramatically if the resonant
frequency remains unchanged. The input MI signal vc may
exceed the sampling limit of the analog to digital converter.
From this point of view, the series resonant circuit would
be the appropriate solution to realize an MI transmitter for
AUV applications, since the frequency-splitting phenomena
can compensate for the fast increasing trend in the received
MI signal when the AUV is approaching its target sensor for
data collection. The detailed analysis will be presented in the
following subsection.

w2 T
iy, o compare with

C. Dynamic MI Channel Characteristics

TABLE III
SYSTEM PARAMETERS

Parameter ~ Value Description

Ly, Lo 400pH  self inductance of coil antenna

C1,Cs 6nF resonant capacitor

1,79 4 intrisic resistor of coil antenna @100kHz
U 1v input voltage

As mentioned in the previous subsection, the variation of
the coupling coefficient will cause significant fluctuations to
the received MI signal. In this subsection, we characterize the
dynamic MI channel in terms of the available bandwidth, and
received signal strength under different coupling coefficients
between the transmitting and receiving loop antennas. This
will also reveal the communication range of an MI wireless
communication system.

The received MI signals under different coupling coeffi-
cients are shown in Fig. 7. The system parameters are shown in
Table III. It is clearly shown that, for the system with parallel-
resonant transmitter, the received MI signal vco is proportional
to the coupling coefficient k, which can also be inferred from
Eq. (9). When the system is working under resonant condition,
the induced current on the receiver side is i = %’ x k.
For example, if the coupling coefficient is increasing from
k = 0.001 to k = 0.1, the received MI signal will be amplified
by 100 times. Such a huge fluctuation of the input MI signal
will complicate the MI front-end design.

In comparison to the parallel-resonant system, the fluctu-
ation of the received MI signal for series-resonant system
is much smaller. As shown in Fig. 7(b), when the coupling
coefficient is increased from k£ = 0.001 to k& = 0.1, the
amplitude of the received MI signal was only amplified by
6 times. In addition, the overall strength of the received
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Fig. 7. Mobility impacts to the frequency response of two different types of
MI wireless communication systems

MI signal of the series-resonant system is stronger than the
parallel-resonant system with the same input voltage.

Fig. 7(b) also reveals that the available MI bandwidth
will increase as the coupling between the transmitter and
receiver coils gets stronger. For example, the 3dB bandwidth
@ k = 0.001 is around 1kHz but will increase to 7kHz @
k = 0.1. The available bandwidth under different coupling
coefficient can be estimated by analyzing the induced current
on the receiver coil, which will be analyzed in detail in the
following subsection.

D. Dynamic MI Bandwidth

In the underwater AUV application scenarios, the AUV
movement may dramatically change the coupling conditions
between the transmitting and receiving coils. Furthermore,
as shown in Fig. 7(b), the available bandwidth of an MI
wireless communication system has a nonlinear relationship
with the coupling coefficient due to the frequency splitting
phenomenon. Therefore, in order to maintain a dynamic MI
link, we need to find a fast way to estimate the available band-
width under different coupling conditions. In this subsection

we will derive a concise approximation function to achieve
that.

To determine the available bandwidth of a dynamic MI
wireless communication system, we need to calculate the
upper and lower bound of the frequency band. As shown in
Fig. 7(b), the available frequency band is centered at self-
resonant frequency fy = %, and the channel response is
almost symmetric. Suppose the upper bound frequency is
f = afo. The symmetry property would suggest that the
bandwidth Aw can be estimated as Aw = 2(a — 1) fo.

The received MI signal reaches its maximum value at the
system resonant frequency f = \/{(;)Tk The induced current
can be approximated by

U

]f: 11,kf0 ~ 5. (14)

See Appendix A for the derivation. On the self-resonant
frequency, the induced current can be approximated by
U
I ~ .
o™ oL
The derivation is included in Appendix B.
If I fel gy = 21y,, the 3dB bandwidth Aw is exactly

15)

Vi—k
within two system resonant frequencies and
1 1
Aw = — , 16
(\/1—kT \/1+kT)fO (16)
4 4 L
where kr = i —,and QQ = “OZ is the quality factor of
wol @ r

the receiving coil antenna under self-resonant frequency. For
k > kp the system resonant frequency is excluded from the
3dB bandwidth and the amplitude-frequency response forms
an U’ shape. For k < kg but still within strong coupling
region, the system resonant frequency is included in the 3dB
bandwidth and the amplitude-frequency response forms a "M’
shape.

Within "U’ region the 3dB bandwidth can be estimated
by solving the following equation. See Appendix C for the
derivation.

1

1 4(a—1
- ia-1)

(=102 — a2k — 4
) = |4(a—1) k im0

,(k2 e

2
) a7
Since k£ > — in "U’ region, Eq. (17) can be simplified as

follows.

k2
E? —4(a— 1) = o (18)
Hence, the 3dB bandwidth can be approximated by Aw =~
L2k f,.

Within "M’ region, the 3dB bandwidth is determined by the
following equations.

2 4k ) 22 Loy Ale =)
0z +]Q %1_]6’7’4(01 1) a’k 0 +3 ) (]9,)
a
Aw = 2(a — 1) fo. (19b)

The solution to Eq. (19) is complicated and not convenient
for implementation. We want to simplify the equation under
different conditions to approximate the available bandwidth.
For k > % we simplify Eq. (19) as follows
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communication system with system parameter shown in Table III

dla—1)* —k* = %.

Therefore, the 3dB bandwidth can be approximated as Aw ~
\/ k2 4 %fo

(20)

For weakly coupling region, where k << the 3dB

1
1 Q
bandwidth will remain constant as Aw ~ a fo. The derivation
is shown in Appendix E.
The dynamic 3dB bandwidth of an MI wireless communi-
cation system is shown in Fig. 8, which reveals several key
features summarized as follows for a dynamic MI channel.

o MI channels are sensitive to the quality factor @) of the
coil antenna and the coupling coefficient k& between the
transmitting and receiving coil antennas. Based on the
relations between k£ and (), the dynamic MI channel
can be characterized into three regions and we named
it as "UMn’ channel model according to the shape of
amplitude-frequency response.

1
o For loosely coupled region, where k << —, the available

bandwidth does not vary significantly with k. Since the
amplitude-frequency response of this region forms a 'n’
shape, we named it as ’'n’ region.

1 4
o For strongly coupled region, where — < k < —, the

available bandwidth is nearly proportional to the coupling
coefficient k. Since the amplitude-frequency response of
the MI channel forms an "M’ shape, we named it as "M’
region.

o For extra-strongly coupled region, where k > 4 k, the
available bandwidth is also proportional to the coupling
coefficient k, but the slope is almost half of the "M’
region. Since the amplitude-frequency response of the MI
channel within the 3dB spectrum forms a *U’ shape, we
named it as "U’ region.

¢ In order to optimize the communication performances we
need to first estimate the coupling coefficient k£ between

the transmitter and the receiver, and then adjust the
transmission symbol rate according to Fig. 8.

V. MI WIRELESS COMMUNICATION SYSTEM DESIGN AND
PERFORMANCE EVALUATION

In this section, we setup an dynamic MI wireless com-
munication system and evaluate the system performances.
The proposed MI system is able to work under different
coupling conditions and fully utilize the dynamic bandwidth.
The communication performance is firstly evaluated through
Matlab/Simulink. Then, we set up an MI testbed based on
universal software radio peripheral (USRP). The system per-
formance in underwater environments is measured in a 200-
gallon water tank.

A. MI transceiver design

The block diagram of the proposed MI transceiver is shown
in Fig. 9. The parameters of the coil antenna and the resonant

Bits f Tx
i W Pulse | S o i\ coil
Shaping 1, resonant
MaTLAB 4 s "
SIMULINK usrp capacitor
Synchronization Mateh
Filter T s
( X
_— il (| -
Equalization e 7 | coil
N MATLAB 4 -
Demodulation SIMULINK usrp resonant
capacitor =

Fig. 9. MI transceiver block diagram

capacitor are shown in Table. III. The carrier frequency is set
to 102.8kHz which is the self-resonant frequency of the coil
antenna. Since MI wireless communication is a narrow band
communication technology. For example, as shown in Fig. 8
the 3dB bandwidth is less than 2kHz in loosely coupled region.
The phase shift keying (PSK) or Quadrature amplitude mod-
ulation (QAM) would be the appropriate modulation scheme
for MI wireless communications.

The base-band signal processing is handled using Matlab,
which includes bit generation, modulation, and pulse shaping
on the transmitter side, as well as match filtering, synchroniza-
tion (including symbol synchronization and frame synchro-
nization), equalization, and demodulation on the receiver side.

The USRP is responsible for digital up/down conversion,
analog to digital, and digital to analog conversion.

B. Simulation results

The overall Simulation model is shown in Fig. 10. For
a better illustration, we divided the system into three parts
namely the transmitter part, receiver part, and MI channel part.

For the simulation of MI channel, we use a mutual induc-
tance to simulate the coupling between two coils, and use a
controlled voltage source to couple the modulated signals into
the resonant circuit. The circuit parameters strictly follow the
values in Table III. It is worthy pointing out that we adopt
freeload receiver design here and just measure the capacitor
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Fig. 10. Simulation model of the MI wireless communication system

voltage as MI input signals. As analyzed in Sec. IV, such a
receiver design will benefit us with the highest SNR.

The transmitter and receiver design follow the standard PSK
and QAM modulation and demodulation procedures. We just
emphasize some key parameters here which have significant
impacts on the communication performance. The first one is
the noise power added on the receiver side. The measured
noise power of our test-bed is -67dBW. Another key parameter
is the maximum power gain of the automatic gain controller
(AGCO), since it will determine the maximum transmission
range of the MI system. Consider that in weakly coupled
region, the received MI signal strength is proportional to the
coupling coefficient k, and the received signal power reaches
its maximum at k % = 0.015. To guarantee that the
system works when k& > 10~%, we set the maximum power
gain of AGC to 40 dB. According to Fig. 2, the maximum
transmission range can be up to 1.5 m.

Since our purpose here is to verify the available bandwidth
of an MI wireless communication system under different
coupling conditions, we do not apply any equalizer on the
receiver side in our simulation, such that the demodulation
results will be directly determined by the MI channel con-
ditions. In other words, we bypass the equalizer module in
Fig. 10 and directly demodulate the output frame of the
carrier synchronizer. Fig. 11 shows the constellation plot of the
output of the carrier synchronizer when the maximum symbol
rate was achieved with zero BER under different coupling
conditions. The simulation results agree with our previous
analysis. Specifically, the maximum symbol rate remains 3200
symbols per second (sps) within the loosely coupled region (or
n’ region) where 0.0001 < k£ < 0.01. Within strongly coupled
region or "M’ region, the maximum symbol rate increases as
coupling coefficient k increases and reaches its maximum at
k = 0.06. If we further increase the k, the maximum symbol
rate will decrease since the available bandwidth is entering the
"U’ region where k > 2.

It is worthy pointing out that the maximum symbol rate
of our simulation results is larger than the estimated 3dB
bandwidth as shown in Fig. 8. One possible reason is that
the QPSK modulation scheme may be capable of tolerating
more severer frequency selective fading.

C. Experiment results and analysis

Our underwater MI test-bed is shown in Fig. 13. Two coil
antennas with radius 7 = 10 cm are submerged into a water
tank with the maximum distance at 32 inch. Between the coil
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Fig. 11. Mobility impacts to the demodulation results of the MI wireless
communication system with maximum achievable symbol rate and zero BER
under different coupling coefficients

antenna and USRP X310, a voltage follower is applied to
isolate the impedance impact on the resonant conditions from
LFTX and LFRX USRP daughter board (DC-30MHz) which
has a built-in input and output resistance of 50 2. Actually, this
is the key step to realize the free-load condition and guarantee
that the coil resonator has a high-quality factor. For example,
our coil antennas have similar parameters as shown in Table III
with ) = 65 at resonant frequency. If we directly connect the
LFTX daughter board to the Tx coil antenna, the quality factor
will decrease dramatically to () = 5. With such a low @ factor,
the whole system even cannot work within 10 inch in the air.
With our free-load design, we can achieve the maximum MI
receiver sensitivity.

When we submerged the coil antenna into the water, the coil
impedance changed dramatically if the enameled wire directly
contacts the water. To solve this problem, we sealed the coil
with electric tape. The impedance of the coil antenna before
and after sealing is shown in Fig. 12.
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TABLE IV
KEY PARAMETERS FOR SIGNAL PROCESSING
Function Block Parameters Values
Rolloff factor 0.6
RRC filter Filter span in symbols 10
Samples per symbol 40 ~ 80
Damping factor 0.707

Carrier synchronizer Normalized loop bandwidth | 0.1

Algorithm LMS
Linear equalizer Number of taps 3

Reference tap 1

Step size 0.008

A 5 nF capacitor is in series with the Tx coil and in
parallel with the Rx coil. Hence the self resonant frequency
of the MI transceiver is fy = 110 kHz. The self resistance of
the capacitor is around 0.7 €2, and the quality factor of the
underwater MI transceiver is () = 36. The distance between
the Tx coil and the Rx coil is 32 inch. According to Fig.
2, the coupling coefficient between these two coil antennas
would be £ < 0.001 which indicates that these two MI coil
antennas are loosely coupled. Therefore the 3dB bandwidth
can be estimated as Aw = é fo =3 kHz.

After figuring out the available bandwidth, our underwater
MI test-bed is ready to evaluate the communication per-
formance. The procedure is as follows. We modulate some
text message using different modulation scheme (QPSK and
16QAM) with center frequency of 113kHz which is the self-
resonant frequency of the coil antenna. Then we gradually
increase the symbol rate until the message cannot be demod-
ulated correctly on the receiver side. The peak amplitude of
the output pass-band signal is set to 0.1V. Since the overall
resistance of the transmitter is around r. + r;, =~ 8(2, the
transmitting power can be estimated as pr < 1.25mW. The
signal processing procedure is shown in Fig. 10. Some key
parameters are summarized in Table IV. The QPSK demodu-
lation results without equalization are shown in Fig. 14(a) and
(b) when the symbol rate is 3ksps and 6ksps, respectively. By
applying the linear equalizer we can successfully demodulate
the results at the symbol rate of 6ksps and the experiment
results for QPSK and QAM are shown in Fig. 14(c) and (d).

VI. CONCLUSION

Near field MI is a promising solution for low-power short-
range underwater wireless communications. Considering the
fast attenuation of MI signals in the water, we propose a free-
load MI receiver design to maximize the receiver sensitivity,

10

(b) Using ROV to mimic the underwater AUV data collection
scenario

Fig. 13. Underwater MI test-bed

thereby maximizing the MI transmission range. Moreover, the
available bandwidth of MI channels is also sensitive to the
coupling conditions between the MI transmitter and receiver
due to the frequency-splitting phenomena. We mathematically
characterize this dynamic feature of the MI channel and derive
the available bandwidth as a function of the coupling coeffi-
cient between two coil antennas. We build a soft defined MI
communication test-bed system based on Matlab and USRP.
The proposed dynamic MI bandwidth is verified through
simulations. Finally, a 24 kbps underwater data transmission
through MI is achieved in the lab with transmission distance
of 32 inch and transmission power less than 1.25 mW.

APPENDIX A
DERIVATION OF [y 1

ik

The impedance of the coil antenna under system resonant
frequency point is

V1—k
wOL_jwoiC +7r

1
BEViw—=

k
= ——jwoL +r ~ jkwol 4+,

Ik

Z 1
f:ﬁfo
Vi—k (21)
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Fig. 14. Experiment results for underwater MI wireless communications with
transmission power Pr < 1.25 mW and transmission distance of 32 inch.
The transmitted message is 'Hello world through underwater MI wireless
communications!’

considering w(%c = woL, and 1 > k. The induced current is

as follows
B JwMU
If:ﬁfo T2 M2 — 72
f—\/—fo
]ﬁwoLU
= 3 22
— o wdL? — (j %woL—Fr) 22)
]\/—W()LU U
B j2—fk_krwoL+r2 T
since —2E—rwoL > r?
Vik

APPENDIX B
DERIVATION OF Iy_ g,

ijMU
_ngz — 2
jkaLU

Tp=po =

= ot (23)

—k2w8L2 —
v
jkaL7

Q

since k2w3L? > r? in strong coupled region.
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APPENDIX C
DERIVATION OF 3DB BANDWIDTH FOR U’ REGION

) 1
Zi—afo :]awoL—]a +7r

wo
1
= (v — —)jwoL
(a a)on +r (24)
2
-1
= L+
a

Q

2(a — 1)jwoL + r,

considering o ~ 1, since MI wireless is the narrowband
communication technique, i.e. for fo = 100kHz, typically
Aw < 10kH z. The induced current on the receiving coil at
f = afo can be calculated by

JwMU
li=ato = Z 3 — 12
f=afo (25)
B Jawok LU
- —a2wik?L? — (2(a — 1)jwoL +7)2

Let f = fo, we can obtain the induced current at self-
resonant frequency which is the central frequency of the
available spectrum.

j]{iWQLU . k

I = = —
L ey P R T &

oL @0

In "U’ region the received MI signal v, satisfies the follow-
ing equation.

[vi=ado| = 2|vf=l], 27)
which gives us
L o1 — L =L, @)
ij((AJoC fO - fol-
Substituting Eq. (25), (26) into Eq. (28), we obtain
1 A(a—1)
k:2—|—— —‘4&—1 2—042/@2—4-]‘
( QQ) ( ) o 0
(29)

APPENDIX D
DERIVATION OF 3DB BANDWIDTH FOR "M’ REGION

In "M’ region the received MI signal v, satisfies the follow-

ing equation.

_ 1| r=oi=
|vg”afo\2‘vf el (30)

fo |. Hence, we have

Iog, =] V1-— k:I
. a 2
the following equation.

ik

2 . 4k 2 2,2 1 -4(0‘_1)‘
S TR [ YOS S C RN LI i C il
Q2+‘7Q\/71—k’ ’(“ JoaR - Tt b
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APPENDIX E
DERIVATION OF 3DB BANDWIDTH FOR LOOSELY COUPLED
REGION WHERE k << é

The maximum received MI signal occurs at resonant fre-
quency point

; 272
of=fo — JwoMU . L kwiL U’ 32)
2 jweC r?
The minimum received MI signal occurs at f = afy
|’U‘f:af0| _ jaOJ(]MU 1
¢ 4o — 1)2wiL? + r? jaweC (33)
kw3 L*U

4 —1)202L2 + 12

Let |vf=/o| = 2 [v/=/o| will give us the 3dB bandwidth for
loosely coupled region.

kwd LU B kwi L2U
r2 4(04; 1)2(.‘)8[12 + 72 (34)
= 2(a—1)=—

o

Hence, the 3dB bandwidth is Aw = 5 fo-
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